Context: IGF-I and its binding proteins influence growth, development, and disease risk. Studies have revealed ethnic variations in the IGF system.
tion in circulating insulin. All of these factors may contribute to the pubertal increase in IGF-I.
Ethnic differences in the IGF system have been identified in cross-sectional studies. Higher circulating IGF-I in AfricanAmericans (AAs) compared with European Americans (EAs) has been observed before puberty, but not in the later part of the second decade of life (i.e. after reproductive maturity) (2) (3) (4) (5) . AAs mature earlier than EAs (6) . Therefore, higher IGF-I in AA may result from greater relative proximity to puberty. This hypothesis is supported by the inconsistent observation of higher IGF-I among AA vs. EA adults (7) (8) (9) (10) (11) (12) (13) , suggesting that this difference may not persist beyond childhood.
IGF-I bioactivity is regulated by a family of IGF binding proteins (IGFBPs) (14) . Although evidence suggests that IGFBP-3 and IGFBP-1 are among the most important regulators of circulating IGF-I activity, most of the evidence for in vivo regulation of IGF-I activity by the binding proteins is inferred from in vitro data and/or indirectly hypothesized from in vivo interrelationships of these proteins. Nevertheless, these studies indicate that IGFBP-3 binds the majority of circulating IGF-I and is a significant long-term regulator of IGF-I action (14) . In contrast, IGFBP-1 is considered the most important short-term regulator of IGF-I action because its production is acutely suppressed by insulin (15, 16) . Lower circulating concentrations of IGFBP-3 and IGFBP-1 in AAs (3, 5, 17) relative to EAs have been demonstrated. Lower concentrations of these binding proteins could plausibly lead to significant increases in IGF-I activity in AAs. Because insulin is known to suppress IGFBP-1 production, it has been speculated that lower IGFBP-1 among AAs is due to hyperinsulinemia (17, 18) . In general, AAs have a greater acute insulin response to glucose (AIRg) than EAs. We have demonstrated 42% lower insulin sensitivity and 135% higher AIRg in AAs compared with EAs, even after adjusting for body composition. However, the greater AIRg observed among AAs vs. EAs is independent of insulin sensitivity and body composition differences, i.e. is greater than that that would be predicted for compensation to insulin resistance (19) . The physiological relevance of this relative hyperinsulinemia has not yet been elucidated.
This longitudinal study was conducted to determine whether there is ethnic variation in the IGF system throughout puberty. We hypothesized that: 1) AAs would have higher total and bioavailable IGF-I than EAs, 2) AAs would have lower IGFBP-3 and IGFBP-1 concentrations than EAs, and 3) the greater IGF-I to IGFBP-1 ratio would be accounted for in part by the greater AIRg in AAs.
Subjects and Methods

Study design
Subjects were recruited as part of a longitudinal observational study on disease risk factors in children and adolescents conducted from 1994 -2004. Details on subject recruitment and study design have been published (19) . Briefly, AA and EA children were recruited by advertisement, flyer, and word of mouth from the Birmingham, Alabama area. Children were screened for eligibility: all children were older than 5 yr of age; free of major illness; and were not taking medications known to affect body composition, metabolism, or physical activity. If deemed eligible, children were enrolled for annual visits during which body composition was assessed, fasting blood samples were obtained, and an iv glucose tolerance test was performed after an overnight stay. A pediatrician determined pubertal stage ͓Tanner stage (TS)͔ using a combination of assessments, including breast development, genital stage, in accordance with the criteria of Marshall and Tanner (20) . Ethnicity was assigned according to parental self-report of parental and grandparental ethnicity. That is, for a child to be considered AA or EA, both parents and all four grandparents had to be of the indicated ethnicity. All girls who were menstruating at their annual visit were tested within 10 -12 d of the start of the follicular phase. The nature, purpose, and potential risks of the study were explained to parents and children. Annually, the children and parents provided informed assent and consent, respectively, to the protocol, which was approved by the University of Alabama at Birmingham Institutional Review Board for the use of human subjects in research.
Study sample
Data on 162 children (72 AAs, 90 EAs), with varying numbers of annual evaluations, were used in this study. The majority of children were prepubertal (TS I) upon entry into the study (n ϭ 130). There were 32 children that entered the study at early puberty (TS II). A total of 82 children progressed from prepuberty/early puberty (TS I and II) to late puberty or full maturation (TS IV and V). There were 56 children that either dropped out of the study before progressing to puberty, or did not complete the pubertal transition (TS V) during the study duration. AA and EA children had an average of five and four annual visits, respectively, commencing with 162 children completing visit 1, 147 at visit 2, 137 at visit 3, 131 at visit 4, 120 at visit 5, 100 at visit 6, 77 at visit 7, 49 at visit 8, 35 at visit 9, and six at visit 10. There were no differences in evaluation number according to ethnicity. Given the unbalanced nature of TS progression, i.e. some children progressed through puberty at a greater rate than did others, the number of observations at each TS varied.
Protocol
Children arrived at 1600 h to the Department of Nutrition Sciences for body composition assessment, and were then admitted to the General Clinical Research Center for an overnight visit. At approximately 1800 h in the evening of the overnight visit, all children received an identical dinner meal in an effort to "standardize" dietary intake before metabolic outcomes measurements. Children were not permitted to engage in any physical activities during their stay and were encouraged to remain in their rooms for the study duration. After 2000 h on the evening of their overnight stay, ingestion of only water, and energy and caffeine-free beverages was permitted until the following morning.
Body composition assessment
Body composition was assessed by dual-energy x-ray absorptiometry using a Lunar DPX-L densitometer (Lunar Corp., Madison, WI). Subjects were scanned in light clothing, while lying flat on their backs with arms at their sides. Dual-energy x-ray absorptiometry scans were performed and analyzed using pediatric software version 1.5e. On the day of each test, the DPX-L was automatically self-calibrated according to the manufacturer's guidelines. In our laboratory the coefficient of variation (CV) for repeated measures of total body fat mass on the Lunar DPX-L is 6.55%. Height was measured to the nearest centimeter using a wall-mounted stadiometer, and weight was measured on an electronic scale while children wore light clothing.
Frequently sampled iv glucose tolerance test (FSIGT)
On the morning after the overnight fast, a topical anesthetic was applied to the antecubital space of both arms, and flexible iv catheters were placed in both arms. Three blood samples were obtained over a 40-min period, and sera were pooled for determination of all basal hormone and metabolite concentrations (except insulin and glucose). Blood drawn at times 15, Ϫ5, and Ϫ1 were analyzed and averaged for determination of fasting glucose and insulin. At time zero, glucose (25% dextrose; 11.4 g/m 2 ) was administered iv. Blood samples (2 ml was injected iv at 20 min. The total blood drawn for this analysis was 60 cc ͓pool (16 cc) and FSIGT (44 cc)͔. The AIRg, an approximation of first-phase insulin secretion, was calculated as the incremental area under the curve for insulin during the first 10 min after glucose injection using the trapezoidal method (21).
Hormone and glucose measurements
All analyses were performed in the Core Laboratory of the Clinical Nutrition Research Center at University of Alabama at Birmingham. Serum samples from the FSIGT were analyzed in duplicate for insulin by RIA (Diagnostic Products Corp., Los Angeles, CA; intraassay CV 5.0%, interassay CV 6.0%, sensitivity 2.5 IU/ml), and for glucose using an Ektachem DT II System (Johnson and Johnson, Rochester, NY; a mean intraassay CV of 0.61% and a mean interassay CV of 1.45%).
Pooled sera were analyzed in duplicate for IGF-I using a standard immunoradiometric assay (Diagnostic Systems Laboratories, Webster, TX). In our laboratory the intraassay CV was 3.7%, interassay CV was 7.3%, and sensitivity was 2.6 ng/ml. Immunoradiometric assays were used to analyze samples in duplicate for IGFBP-3 (intraassay CV was 4.0%, interassay CV was 7.7%, and sensitivity was 0.5 ng/ml) and IGFBP-1 (intraassay CV was 9.4%, interassay CV was 17.9%, and sensitivity was 0.18 ng/ml). Sera were analyzed for estradiol (E2) using a double-antibody RIA (Diagnostic Products), and for total testosterone using a solid-phase immunoassay (Coat-A-Count Total Testosterone; Diagnostic Products). In our laboratory, assay sensitivity for E2 is 15.42 pmol/liter, mean intraassay CV is 4.69%, and interassay CV is 6.0%. For testosterone the sensitivity is 11.8 ng/dl, and the intraassay and interassay CVs are 2.7 and 11.4%, respectively.
Statistics
Because of the unbalanced, repeated-measures study design, the general linear mixed model procedure was used to determine the relation of ethnicity to changes in the outcome variables. This model accounts for intraperson correlations due to repeated measures, an unbalanced number of repeated observations, and for missing data (22) . Initial models were constructed for the dependent variables IGF-I, IGFBP-1, and IGFBP-3. Independent variables in all models were ethnicity, sex, age, fat mass, pubertal stage, and age nested in pubertal stage. The age nested in pubertal stage variable was used to account for changes in age within each pubertal stage. Reproductive hormone levels (testosterone and E2) were added to each model to identify potential independent contributions of these hormones to each of the dependent variables, and to determine whether differences in the concentration of these hormones accounted for ethnic differences in the IGF system. Fasting insulin concentration and AIRg were added sequentially to the base IGFBP-1 model. All independent variables were modeled as fixed effects. Because of the small number of children at TS V, children at TSs IV and V were combined into one group (TS IV/V). To assess ethnic differences in the dependent variables before, and during pubertal development, models were analyzed by pubertal stage. Least squares means were determined for all outcome variables of interest after adjusting for body composition, age, reproductive hormones, and sex. To conform to the assumptions of linear regression, all statistical models were evaluated for residual normality, and logarithmic transformations were performed when appropriate. Analyses were undertaken using SAS (PROC MIXED), version 9.1 (SAS Institute Inc., Cary, NC), with statistical significance set at P Ͻ 0.05.
Results
Subject characteristics
Descriptive data are given in Table 1 . AA children were younger and had higher AIRg compared with their EA counterparts at all pubertal stages (P Ͻ 0.05). EAs were taller than AAs at TSs I and II (P Ͻ 0.05). Ethnic differences in body fat mass and body mass index (BMI) did not reach statistical significance.
IGF-I
Longitudinal statistical analyses revealed a significant independent effect of ethnicity on IGF-I concentrations, such that AAs had higher IGF-I concentrations (P Ͻ 0.01) ( Table 2) . Significant associations between pubertal stage, age nested in pubertal stage (TS I-III), sex, reproductive hormones, and fat mass with IGF-I concentrations also were found (Table 3 ). E2 and testosterone were associated with IGF-I levels in the overall models and when analyzed according to sex. As indicated by the significance of ethnicity in the model, reproductive hormones did not mediate racial/ethnic differences in IGF-I. The analysis of pubertal change in IGF-I by ethnicity is illustrated in Fig. 1A . IGF-I concentrations increased throughout puberty in both ethnic groups, and tended to plateau after TS III. AAs had higher IGF-I concentrations than EAs only at TS I (P Ͻ 0.001) (Fig. 1A) . The relationship between E2 and IGF-I was present in girls at TSs I and II. The relationship between testosterone and IGF-I was present in boys at TSs II and III. After adjustments for fat mass, age, hormone level, and sex, AAs had higher IGF-I concentrations at TS I (Fig. 1A) .
IGFBP-3
Longitudinal analyses showed an effect of ethnicity on IG-FBP-3 concentrations (P Ͻ 0.05), such that EAs had greater concentrations of IGFBP-3 (Table 3) . Pubertal stage and age nested in pubertal stage also were significantly associated with IGFBP-3. Testosterone, but not E2, was associated with IGFBP-3 concentration; however, the relationship did not explain racial/ ethnic differences across the pubertal transition. Furthermore, analysis by pubertal stage revealed that IGFBP-3 concentrations increased from TSs I-III in a similar manner in both ethnic groups, reaching a plateau in AAs, whereas continuing to increase in EAs (Fig. 1B) . After accounting for fat mass, age, reproductive hormone concentration, and sex, AAs had lower IGFBP-3 compared with EAs at each pubertal stage assessed (P Ͻ 0.05).
IGFBP-1
Longitudinal models revealed a significant association of ethnicity with IGFBP-1 (P Ͻ 0.0001) ( Table 4) . Associations between pubertal stage, age nested in pubertal stage, and fat mass and IG-FBP-1 were also found. Both E2 and testosterone were associated with IGFBP-1 concentration; however, the relationship did not mediate racial/ethnic differences in IGFBP-1 concentration. When analyzed according to pubertal stage, lower concentrations of IGFBP-1 were found in AAs relative to EAs at all pubertal stages (Fig. 1C) . Fasting insulin concentrations and AIRg were significantly and negatively associated with IGFBP-1 at all TSs (P Ͻ 0.05; data not shown). Inclusion of fasting insulin weakened but did not remove ethnicity as a significant predictor of IGFBP-1 at TSs I-V (data not shown). However, inclusion of AIRg in the model removed ethnicity as a significant predictor of IGFBP-1 at TSs III and IV/V, and weakened ethnicity as a predictor of IGFBP-1 at TS II (P Ͻ 0.0001 to P ϭ 0.03) (Fig. 1D) .
Discussion
With longitudinal data, we demonstrate for the first time that AAs had higher IGF-I concentrations than EAs only in prepuberty and lower concentrations of IGFBP-3 and IGFBP-1 throughout the pubertal transition. Furthermore, the lower IGFBP-1 of AAs was due in part to the higher AIRg, suggesting physiological relevance for the frequently reported higher AIRg among AAs. Findings were independent of fat mass, sex, reproductive hormones, and age. Overall, our analyses suggested that, relative to EAs, AAs may have greater IGF-I activity during childhood and adolescence. The biological consequences of greater Significant effects are in bold type. All continuously distributed variables were log transformed to correct for skewed distributions. Ethnicity and sex were coded in the models as follows: EA ϭ 0; AA ϭ 1; male ϭ 0; female ϭ 1. Age (Tanner), The age nested in the TS variable was used to account for changes in age within each TS. Significant effects are in bold type. All continuously distributed variables were log transformed to correct for skewed distributions. Ethnicity and sex were coded in the models as follows: EA ϭ 0; AA ϭ 1; male ϭ 0; female ϭ 1. Age (Tanner), The age nested in the TS variable was used to account for changes in age within each TS.
IGF-I and lower IGFBP-1 and -3 among AAs on disease risk, body composition, and maturation differences between EAs and AAs have not been thoroughly studied and deserve further attention. Ethnic differences in IGF-I were present only at TS I, suggesting that differences in pubertal maturation rate underlie this difference. Our findings are consistent with studies demonstrating similar IGF-I concentrations in AA and EA adults (7, 10, 12, 13) . AAs typically progress to puberty 1 yr earlier than their EA counterparts (6). GH and IGF-I concentrations are known to increase steadily from early prepuberty to up to 30 d before puberty onset (3, 23) , and, therefore, higher IGF-I in AA children may simply reflect their greater relative proximity to puberty. However, inclusion of reproductive hormones in the statistical models did not account for ethnic differences in the IGF-I concentration. We previously have demonstrated an association between IGF-I and African ancestry in prepubertal children (4), suggesting a biological basis for this difference. It is plausible that GH may mediate differences in the IGF axis, but studies regarding ethnic differences in GH are lacking. The one study that evaluated ethnic differences in GH secretion observed To convert metric units (ng/ml) to International System of Units (nmol/liter) for IGFBP-3, multiply by 0.035. C, Least squares mean (Ϯ SE) for IGFBP-1 by ethnicity at each TS. Means are adjusted for sex, age, reproductive hormones, and body fat mass. Shaded bars represent EA, and dark bars represent AA children. *, AAs had significantly lower IGFBP-1 at TSs I-III and V (P Ͻ 0.05). D, Least squares mean (Ϯ SE) for IGFBP-1 by ethnicity at each TS. Means are adjusted for sex, age, reproductive hormones, and body fat mass, and the AIRg, an approximation of first-phase insulin secretion. Shaded bars represent EA, and dark bars represent AA children. *, AAs had significantly lower IGFBP-1 at TSs I-III. Therefore, inclusion of AIRg in the model explained the ethnic differences in IGFBP-1 in childhood and early puberty. Sample size at each TS: for AAs, I (n ϭ 59), II (n ϭ 43), III (n ϭ 35), and IV/V (n ϭ 45); and for EAs, I (n ϭ 71), II (n ϭ 63), III (n ϭ 42), and IV/V (n ϭ 37).
higher GH in AAs compared with EAs, albeit the difference was not statistically significant (24) . Therefore, the biological mechanisms underlying greater IGF-I in AAs remain to be determined.
In agreement with our hypothesis, AAs had significantly lower IGFBP-1 concentrations compared with EAs throughout childhood and adolescence. Importantly, we found that adjustment for AIRg considerably weakened the association of ethnicity with IGFBP-1 at all TSs. Thus, we provide the first evidence to indicate that lower IGFBP-1 concentrations in AAs compared with EAs are likely attributable in large part to greater relative insulin responses. Our data also suggest that among AAs, greater AIRg has physiological relevance and may have implications for disease progression. In our study and in a study by Wong et al. (17) , lower IGFBP-1 in AAs persisted after adjusting for fasting insulin concentrations. AIRg is likely to be more reflective of the typical AA-EA differences in insulinemia occurring after meals throughout the day. Insulin can act as both an acute and chronic suppressor of hepatic IGFBP-1 production (14, 17, 24) . Therefore, it is likely that the relative hyperinsulinemia of AAs exerts a chronic suppressive effect on hepatic IGFBP-1 production that persists in the fasted state. Lower IGFBP-1 in AAs after accounting for AIRg was observed at TSs I-III. This observation might reflect the reduced effect of insulin on IGFBP-1 in puberty (17) , likely attributable to the insulin resistance of puberty, which typically peaks at midpuberty but may not be evident prepubertally.
We also found evidence for lower IGFBP-3 concentrations in AAs than EAs throughout puberty, and these differences were independent of age, sex, reproductive hormone concentration, and fat mass. Systemic IGF-I circulates bound to IGFBP-3 and to another fraction known as the acid-labile subunit, forming a ternary complex, which binds the majority of the circulating IGF-I (14) . IGFBP-3 concentrations increase with pubertal development in a pattern similar to IGF-I (14, 25, 26) . Our findings agree with those of previous cross-sectional studies in which lower IGFBP-3 concentrations were found in adolescent AAs relative to their EA counterparts (3, 17, 24, 25) . Synthesis of IGFBP-3 is considered GH dependent but may also be regulated by other factors (14, 27) . Factors underlying the ethnic difference in IGFBP-3 are not readily apparent. Recent data indicate that variation of nutrient intake may have an influence on the IGF system (28).
The incidence of cardiovascular disease (CVD) risk factors, type 2 diabetes, and some cancers (29 -31) is higher among AAs, and evidence exists linking the IGF system with each of these conditions (32) (33) (34) (35) . Numerous observational studies have examined the association between the IGF system and the presence of CVD, with most indicating that levels of IGF-I are associated with an adverse risk profile and increased incidence of CVD (36) . The IGF system has been demonstrated to promote pancreatic islet cell survival and growth in vitro, and both IGF-I and its binding proteins have been associated with insulin sensitivity, fasting insulin, and apoptosis of insulin-secreting cells (25, 33, 37) . In addition, IGF-I and IGFBP levels may be altered in type 2 diabetes. Furthermore, recent studies have linked IGF system variants to the risk of certain cancers, and some of these polymorphisms display unequal frequency between EAs and AAs (38) . IGF-I levels in puberty may serve as a "biological switch" affecting gene expression that permanently alters the physiology of the individual and their response to various stimuli later in life. It is plausible that childhood IGF-I levels and greater pubertal IGF-I levels may be one of the pathophysiological pathways that increase the risk of chronic disease later in life. It has been proposed that physiological and metabolic programming that occurs during puberty may initiate events that lead to the development of these diseases later in life. Long-term studies investigating ethnic differences in the relationship between the IGF system during puberty and future disease risks are warranted.
The strengths of this study were its longitudinal design, robust measures of insulin dynamics and body composition, and the inclusion of maturation and age in all statistical models. This is the first longitudinal study to demonstrate significantly lower concentrations of IGFBP-1 and IGFBP-3 in AA compared with EA children and adolescents. However, because direct measures of free IGF-I, or measures of other IGF-I binding proteins were not obtained, our suggestion that AAs have greater IGF-I activity than EAs should be verified. Furthermore, although some of the conclusions are based on inverse changes in IGF-I and IGFBP-1 and -3, this ratio was not included in the analysis, limiting the assumption that the same individual had both a relatively lower IGFBP and relatively higher IGF-I. In addition, because dietary intake and physical activity were not available on all of our subjects, we cannot disregard ethnic differences in these and other environmental factors as the underlying cause of the observed differences in IGF-I and its binding proteins.
In conclusion, our data suggest that compared with EAs, AAs have greater IGF-I prepubertally and lower concentrations of IGFBP-3 and IGFBP-1 throughout adolescence. The lower IGFBP-1 may be due, in part, to greater AIRg in AAs. Consequently, circulating IGF-I bioactivity is likely to be greater in AAs compared with EAs during the important developmental years. These findings may have implications for ethnic differences in maturation rate, body composition, and disease risk. Significant effects are in bold type. All continuously distributed variables were log transformed to correct for skewed distributions. Ethnicity and sex were coded in the models as follows: EA ϭ 0; AA ϭ 1; male ϭ 0; female ϭ 1. Age (Tanner), The age nested in the TS variable was used to account for changes in age within each TS.
